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AIR PROPELLERS IN YAW

By E. P. LIISLRY,GnOR~BF. WORLDY,and STANLFiY MOY

SUIMMARY

Tests OJa t$~ootmodel propeller at four piich settirqs
and ai 0°) 10°, 5’0°) and 30° yaw were made ai Stanford
Unwersity. In ado?itwn to the & propeller coefi-
cients, cross-wind and mrtixu?jorcea and yawing, pi.tch-
i~, and rolling mmnds we determined about axtx

ha.oing their origin at tlwintersection oj the bladeaxis and
the axis OJrotaihin.

I’7u tests dwwed that the maximum ejtcienq wa9
reduced only slighilyjor angla oj yaw up to 10° M thut
at 80° yaw the 10s8in ej%iency wa$ about 10 percent.
In aU casti the cross-windforce was found to be greater
than the crow+windcomponent of tlw d thrwt. W&h
a yawed propeller an appreciable thrust w found for
VlnD for zero thrust & zzro yaw. Yawi~ a propelk
wasfownd to induw a pitching moment thui incread in
magnitudewiih yaw.

INTRODUCI’ION .

Although airplanes are generally designed so that the
propeller nsiz lies approximately in the direction of
normal steady flight, the condition of yaw is found
during such maneuvers as curved flight and in flight at
high angle of attack. These maneuvers are usually of
short durntion and, while the effect of yaw- from these
causes may be, in apeciticoases, of interest, it is possibly
of no great consequence. If, however, propellers are
to be yawed in the steady-flight condition, the effects
of yaw mny be important. Such a condition would
arise in the case that a wing engine is placed, for struo-
tuml or other reasons, with its axis at an angle to the
longitudinal axis of the plane.

Air propellers in yaw have been the subject of both
theoretical and experimental invcatigation (references 1
to 6) but further information concerning the quanti-
tative effect of 6malIangles of yam upon thrust, power,
cross-wind force, and efficiency seemed desirable and
therefore the present study ma undertaken. While the
study was made with the propeller axis in the hori-
zontal plane and the angle between the propeller axis
and the wind direction is thus called an angle of yaw,
the results may be applied as well to angles of pitch
Bincesuch body interference as was present would have
been the s~me in either case.

APPARATUSAND TESTS

Wmd tnnnel,-The experimental work was done in
the wind tunnel of the Daniel Guggenheim Aeronauti-
cal Laboratory of Stanford University. This tunnel
is of the open-throat type with a throat dinmetor of
7X feet. The maximum wind velocity is about 90 miles
per hour.
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FIGUBEL—The dynamometer SOSPUSIOU

Dynamometer,-The propeller dynamometer con-
sists essentially of a six-component balance. A driving
motor was rigidly suspended by a steel tube and pylon
of steel rods from a platform located above the wind
stream. The platform was completely restrained by
six electrically operated beam balances.

The general arrangement and appearance of the
dynamometer are shown in figures 1, 2, 3, and 4. In
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fig~~ 1, ~~~~~ 1 to 6 ~di~t~ t~~ lM& to the

restraining beam balances, the balances themselves
beiqg similmly numbered in @nre 4. & maybe seen,
the A-frame or platform wrts restrained in the wind
direction by balances 1 and 2, in the verticaJ direction
by balrtnces3, 4, rmd 5, and in the cross-wind direction
by balance 6. In addition to these restraining or
measuring balances, there were three w.xiliary beam
balances, desiggrtted by A in figures 1 and 4, that

FI13UBE2—1’he prqmlk set-upshown In the yaw-d @tIon.

tied the dead weight of the platform and suspended
motor. The lines labeled Cl, C2, and C!6 (fig. 1) are
leads to counterweights used to give the necessary
initial loads on balances 1, 2, and 6.

The forward end-shield of the motor was elongated
so that the propeller was well ahead of any considerable
wind-stream obstruction. (See figs. 1,2, and 3.) The
distance from the propeller to the center of the sup-
porting tube was two-thirds the propeller diameter.
In figures 2 and 3 the motor is shown in the yawed
condition. The angle of yaw could be adjusted as
desired by a swivel joint provided in the supporting
tube.

The motor, and such parts of the suspension as were
in the wind stream, were shielded by a sheet-metal
cover. Thus only the forces acting on the propeller
were communicated to the platform and to the restrain-

ing balances. Au electric bell gave warning of contact
between the motor or its supports and tho metal cover. I

Propeller.-The propeller used in this investigation
was a 3-foot metal right-hand adjustable propeller, It
is designated propeller A in reference 6. It has a uni-
form geometric pitch and a pitch-diameter ratio of 0.7
when the blade angle at 0.75 radius is 16,6°. Four
pitch settings were used: 16.6° (uniform pitch), 20.6°,
24.6°, and 28.6°; all pitch settings &ere measured nt
the 0.75R station.

TESTS

Lhfeasurementswere made of six components of Lhe
air force acting on the propeller, three vertical, two in
the wind direction, and one in the cross-wind direction.
From these components nnd the arms of the restrain-
ing balances, the rolling, pitching, yawing, nnd torque
moments about axes having their origin at the inter-
section of the propeller nxis and blade rmi$wero com-

FIQm3.—u@lwllllview of the proJRlk te9tset-up.

puted. For each pitch setting of the propeller, tests
;ere made at 0°, ion,200, and 30° ya<.. -

As the model propelle~ driving motor was of the
constantipeed type (about 1,800 r. p. m.), variations
of the parameter V/nD were obtained by increasing
the wind velocity in suitable increments, Tho pro-
poller tip speed therefore remained nearly constant at
about 280 feet per second. The Reynolds Number
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was about 0.1 full scale, assuming bhe full-scale pro-
peller to be 10 feet in diameter operating at a tip speed
of 800 feet per second.

The observed thrust and power are reduced to the
usual coefficients

CT’---JD

Cp=p+p

,j=Tx V CT V
— =&~DP

where

T,

P,
P)
n,

D,
v,

thrust of the propeller measured parallel to the
axis of the tunnel.

motor power.
mass density of the air.
revolutions per unit time.
propeller diameter.
velocity.

The vertical and cross-wind forces are reduced to
coefficients simihw to the thrust coefficient,

CFz”m+
C&--4&

w-here
1’=,vertical force.
.FV,cross-tid force.

The moments about the three axes are reduced to
coefficients similar in form to the propeller torque
coefficient,

Qc*=~

cm=m---#$-&-
C.=m+,

where
Q, propeller torque.
L, rolling moment.
11, pitching moment
N, yawing moment.
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RESULTSAND DISCUSSION

In table I are given the computed values of propeller,
force, and moment coefficients for Werent values of
V/nD.

k ilgnre 5 the results of a test with the yaw dyna-
mometer are compaxed with two earlier tests of the
same propeller made in the same wind-tunnel using the
Stanford University propeller dynamometer. The
tests by Lesley and Reid are reported in referame 6;
the tests by Babberger were made in connection with a
study of the scale effect on air propellers submitted m
a thesis at Stanford Univemity in 1934. The agree-
ment with Babberger’s test at 2,000 r. p. m. is excellent,
but the thrust and power coefficients derived from the
yaw~dynamometer test are consistently lower than
those observed by Jlxdey and Reid. The angular
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Fmum6.-Comp.9rbn of data from diffaent @b of the sameprqwlk in the same
wfnd tunnel. ProPIsJIw* M.& at 0.76R W yaw.

velocity in the latter test, however, was about 3,000
r. p. m. and Babbeqger found that, with this propeller,
the thrust and power coefficients increased sJightly
with an.g.dm velocity. Substantial agreement with
Babberger’s test at 2,oOOr. p. m. is regaxded aaevidence
of the accuracy of the yaw dynamometer.

Propeller, vertical-force, and cross-wind-force coeffi-
cients are given graphically as functions of V/nD in
figures 6 to 21. In iigures 22 to 25 eficiency v and
V/@ are given as functions of the speed-power ceoffi-
cient C,. The mtium efficiency and V/nD at zero
thrust are plotted in figure 26 against the secant of the
ar@e of ymv ~. Figure 27 shows the ratio of cross-wind
force to thrust for different value9 of V/nD. In
iigge 28 this ratio is plottad against the ratio of
V/nD to V/nD at zero thrust. Pitching-moment
coefficients me given as functions of VlnD in @ure 29;
ymving-moment, rolling-moment, and torque coeffi-
cients are plotted in figures 30, 31, and 32, respectively.

The power coe5cient (figs. 6 to 21) is little affected
by ymv at low velocities of advance, i. e., at small
values of V/nD. At larger values of V/nD the power
coefficient increases with each increment of yaw.

The thrust coefficient is decreased by yawing the
propeller at low V/nD. Tlis result is to be expected

sinceat&=O the nxird thrust would be independent

of yaw, nml the thrust in the wind direction would
be the axial thrust multiplied by tho cosine of the
nngle of yaw. At the larger values of V/nD the thrust
coefficient is increased by ymv and the value of V/nD
for zero thrust is also increased.

Over the normal working range of a propeller there
is thus rLdecrease in efficiency with yawl although at
the lnrger values of V/nD, greaterthan those for mrmi-
mum et%ciency,the efficiency is increased by ynw,

The manner in which ei%ciency vnries with yaw in
the norm-d working rnngo is seen to advontage in
figures 22 to 25 in whioh efficiency is plotted agninst
the speed-power coefficient C,.

In figure 26 the maximum efficiency for each blarle-
angle setting is plotted ngninst sec #. The resulting
parallel straight lines may be expressed by the equntion

?MUZ=Tmaro–0.6 (see @1)

where V-O is the maximum efficiency at zero yaw,
In figure 26 the V/nD for zero thrust is also p!ottocl

against sec +. & with 7.G it is seen that V/nD for
zero thrust varies, over the range investigated, directly
with sec +.

The vertical force coefficient of a propeller in ynw
is negligible (it does, however, show nn increase with
yaw). Although in the graphical mpresentotion of
fiaqm~ 6 to 21 this coef6ciQnt, as well as the cross-wind
force coefficient for zero yaw, nppeam to have consid-
erable magnitude, it should be noted thnt the scale to
which it is plotted is ten times that used for the thrust
coefficient.

The vertical force coefficient, while genernlly positive,
appcnrs in some instnncw to be negative at low V/nlJ
and to chnnge in sign M higher values of V/nD nre
renched. It is obvious that, Msuming symnmtricnl
flow, the direction of the vertical force would depend
on the relation between the direction of propeIler ro-
tation and direction of yaw. In these tests tlm pro-
peller rotation was clockwise when looking upwind nnd
the ymv wns positive. 13ad either been reversed it
3eems evident that, with symmetrical flow, the si~mof
lhe vertical force coefficient would have likewise been
changed.

As would be expeoted, the crow-wind force coefficient
ihows a marked increase wi’& yaw. The rntio of cross-
wind force to thrust is shown for the 28.6° propeller ns
&function of V/nD in fiamre27.

The curves nredrawn from points $&=trmr at ~=0,

Itis seen that at all values of V/nD greater than zero,
F’JT is greaterthan tan 1 or that the resultant hori-

‘=0, inclined to the windzontfd force h, &i@pt for @

direction at nn angle greater than the angle of ynw.
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The ratio of cross-wind force to thrust as a function

/( )Ofv v
— , where (V/nD)Ois V/nD for zero thrust, is~nDO

shown for all propellem in figure 28. It is seen that
FU/Tincremwa with propeller pitch setting as well as
with yaw.

It may be seen from these results that a propeller
with its axis in pitch would develop thrust if operating
nt V/nD of zero thrust for axis parallel to direction of
motion, The thrust under this condition may be of
such magnitude that it should be considered in deriving
airplane polara from glide teak with propeller running.
For example, in glide tests of a VE-7 airplane (see
reference 7), the drag coefficient at 15.1° angle of attack
was found to be 0.143. From the present tests of pro-
pelbmsin yaw it appeam that the thrust exerted by the
propeller in the glide test may have been double the
amount credited to it and the drag coefficient thus have
been 0.148.

Further, in the derivation of the drag of the T3%7
airplane in the power flight tests of reference 7, a
quantity T sin B waa credited to the propeller as a
liftwise force; B is the inclination of the propelhr shaft
to the wind direction. The present tests show that
the credited amount should have been greater.

It may also be seen that the difference between power
and thrust coefficients of propellers in the tight and
wind-turd model tests of reference 7 is qualitatively
nccounted for by the fact that in flight the propeller
nxis was at an angle of pitch, while in the wind-tunnel
model it wns parallel to the wind stream.

The lift developed by a propeller with its axis in
pitch is sufficient to account, in considerable degree,
for the high lift coefficients apparently developed by an
nirplane at large angle of attack, power on. Millikan,
Russell, and McCoy show (reference 8) an increase in
lift coefficient of about 0.2 with power on at 20” angle of
attack. Interpolating born these tests in yaw and
rdlowingfor the three-blade propeller used by Millikan,
Russell, and McCoy, it appears that the liftwise force
exerted by the propeller was suiiicient to account for
more than half of the increase in lift coeilicient found.

Pitching-moment coefficients for the propellers in
ynw am shown in figure 29 as functiom of V/nD.
Under the conditions of these &ts, the sign of the
coefficient depends upon V/nD. It is generally posi-
tive at large V/nD and negative at small V/nD. Like
the sign of the vertical force coefficient, it is obvious

that, assuming symmetrical flow, the sign of the pitch-
~-moment coticiaut would also depend upon the
relation between the direction of rotation and direc-
tion of yaw; a reversal of either would result in reveming
the sign of the pitching moment. Since the vertical
force is small compared with thrust, a positive pitching
moment shows a location of the line of action of thrust
below the ~ axis and a negative pitching moment a
location above the 17axis.

Some verification of the observed change in sign of
pitching moment with V/nD may be derived through
analysis by simple blade-element theory. For ex-
ample, it can be shown that for the 24.6° propeller in a
vertical position and at 30° yaw, the pitching moments
of the 0.75 radius elements are proportional S1 and
– 14 at V/nD 1.2 and 0.3, respectively. The ratio of
these calculated moments is –5.8. The test of this
propeller at 30° yaw shows a pitching-moment coe5ci-
ent of 0.0066 at V/nD=l.2 and —0.0018 at V/nD=O.3.
The ratio of pitching moments in the two cases is thus,
for the whole propeller, –3.7.

It is possible that a part of the indicated pitching
moment is due to a slight wind-stream asymmetry.
Wind-stream surveys, however, revealed not more
than 1~ percent variation of veloci~ from the mean at
the propeller disk, which appears insufficient to account
for any considerable proportion of the pitching moment
found. It will be noticed that there are insufficient
observations to determine definitely the form of the
pitching-moment curve in the low V/nD range. As
this portion of the curve is of little practicnl impor-
tance, rather arbitrary functions have been drawn that
become zero, as they should, at zero V/nD. It seems
unlikely that, in the operating range, the maetitude
of the pitching moment will be sufficient to affect
greatly the stability characteristics of an airplane.

The yawing-moment coefficients, ahown for the 16.8°
and 28.6° propellers in iigure 30, increase slightly
with yaw. Even for the 30° yaw tests, however, the
magnitude of the yawing moment nbout the axis
chosen is extremely small.

Figures 31 and 32, showing the torque and rolling-
moment coefficients for the 28.6° propeller, are of
i.m%restbecause it may be seen that the rolling moment
increases more rapidly with yaw than the propeller
torque. Although this result is illustrated for only
one propeller, computations for the others show
similar relations.
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CONCLUSIONS

The results of these experiments showed that:
1. Over the normal working range of the propeller,

there was a decrease in thrust, an increaae in power
absorbed, and rLdecrease h efficiency with yaw. Up
to 10° of yaw, the loss in maximum efficiency waa not
more than 2 percent, but at 30° yaw it became about 10
percent.

2. The cross-wind force was greater than the cross-
wind component of the axial thrust. This result indi-
catea that the’corresponding lift due to a propeller with
its axis in pitch accounts for a larger proportion of the
increase of lift coefficients appareit in airplanw at high
rmgles of attack, power on, than would be estimated
from the vertical component of the axial thrust.

3. With the yawed propeller, therewas an appreciable
thrust tit V/nD for zero thrust at zero yaw. Conse-
quently, airplane glide tests made with the propeller
idling at a V/nD for zero thrust at zero yaw should be
corrected for the thrust due to the yawed propeller.

4. Yruving the propeller induced a pitching moment

TABLE I
COMPUTED VALUES OF COEFFICIENTS FOR DIF-

FERENT PITCH SETTINGS AND VARIOUS ANGLES
OF YAW

v CP Cr q G,
~D

c?. I c. c.

16.6° PITCH SETTING, 0° YAW

a 124
.264
.333
.419
.484

:%
.648
.7C0
.743
.786
.6ZZ

O.om
.am

:%
. m-m
. ml
.0310
.G%33
.0244
.02m
. Om
.W

am
;%

.CHm

.a578

:%%
.0349
. 0Z74
.0193
.0110
.M36

am9
.ms
.@

:%
.EZ17
.834
.EJN
.m

:E
.Sm

-a oxm
–. M318
-. Mm
-. m
–. m

:

8’
.m
.W
.m

-am
–. ml
–. m14E
-. M349
–. 0m79
-. M179
-. ml
–. r@2Jl
–. ml
–. m
-. Oxoo

.m

a mo47
.Cm57
.rm7i’

~: ~

-. Cm77
-. IXnU6
–. r0337

.mxM

.OMal

.Cmm

–a CM5S
-. ml
–. m
-. W9
–. w
-. m
-. mm
-. m
-. 0xQ6
–. mm
–. W18
-. 0m13I I 1

16.6° PITCH SETTING, 10° YAW
n031 acm aaw am a 0M3 -a Cox24
.X0 .Cc96 .0?23 ;%

-a m -am
.0160 -. oxcal

.237 .W .07ml
-. mm -. m

.881
.0140 -.Oxco

.0376 ;M& .!!s$ .0130
–: W

–. mm :%%
.441 .mn .736 .mm
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